Abstract Nonfunctioning pituitary adenomas (NFPA) are typically benign neoplasms that can cause significant morbidity through local mass effects. MIB-1/Ki-67 and p53 immuno-reactivity are used to predict aggressive behavior but have known limitations. No marker to date is widely used to reliably predict tumor progression. Phospho-histone H3 (pHH3) is a protein phosphorylated during chromatin condensation in mitosis, and thus anti-pHH3 immunocytochemistry is able to assess mitotic activity. Study objectives were to determine the relationship among pHH3, MIB-1/Ki-67, and p53 in NFPA, and to evaluate the relationship between these indices and time to progression (TTP). Seventy-six patients with NFPA operated on by a single neurosurgeon at University of Texas M. D. Anderson Cancer Center from 1992 to 2006 were identified from a database and met all criteria for inclusion in this clinicopathology study. PHH3, MIB-1/Ki-67, and p53 immuno-reactivity was evaluated in each case. Retrospective review was used to determine TTP. With 282 person-years of follow-up, 19 progression events were observed. A correlation was found between MIB-1/Ki-67 and p53 immuno-reactivity (r = 0.25, p = 0.031). PHH3 did not correlate with either. When markers were dichotomized at the median, only MIB-1/Ki-67 correlated with TPP (log rank p = 0.018). Rank correlation analysis confirmed a significant inverse correlation between both MIB-1/Ki-67 (Dxy = -0.33, p = 0.036) and p53 (Dxy = -0.40, 0.016) immuno-reactivity and TTP. Our results support previous data suggesting that MIB-1/Ki-67 and p53 have clinical utility as prognostic markers for tumor progression. PHH3 did not prove to be associated with TTP in this retrospective study limited by few progression events.
Introduction
Pituitary tumors account for nearly 10% of symptomatic intracranial tumors [1] . The majority of these tumors are histologically benign; however, they can be capable of aggressive growth and local destruction to nearby structures. Cell proliferation is one of the most important factors determining the behavior of many neoplasms [1] . Morphological criteria of nuclear pleomorphism, increased mitoses, and high cellularity characterizes a high proliferation rate [2] . The use of immuno-histochemical markers in determining prognosis has been studied in pituitary tumors with varying success. Previously investigated proliferative markers include MIB-1/Ki-67, the mitotic index, and p53 [3] [4] [5] . The 2004 WHO classification of pituitary adenomas includes an ''atypical'' variant, which behaves as an aggressive, invasive macroadenoma. Histologically, these tumors are defined by an elevated mitotic index, MIB-1/Ki-67 labeling index(LI) [3%, and extensive nuclear reactivity for p53 [3, 5, 6] . Tumors with this pathological distinction may necessitate closer monitoring and more aggressive adjuvant therapy.
As of yet, there is not a commonly utilized marker that helps determine the likelihood of disease progression. This is particularly challenging in the setting of non-functioning pituitary adenomas (NFPA), as there is no hormone upon which to base a post-surgical cure. The most recent WHO classification lacks significant longitudinal follow-up. Furthermore, the presently available histologically markers are fraught with inconsistencies and previous studies have demonstrated variable results on their usefulness [7] [8] [9] .
Phospho-histone H3 (pHH3), a protein involved in chromatin structure, is phosphorylated during chromatin condensation in mitosis. An antibody to pHH3 therefore has the potential to be a reliable method for identifying mitotic activity. PHH3 has proven to be an independent predictor of survival in patients with low and intermediate-grade infiltrating astrocytomas, and pHH3 has assisted in the grading of meningiomas [10, 11] . PHH3 immunostaining has proven to be particularly useful in identifying mitotic figures in tumors with dense cellularity, limited mitotic activity, and/ or abundant apoptotic, pyknotic or distorted nuclei [11] . PHH3 has not previously been evaluated in the context of pituitary adenomas. This study was designed to determine the relationship of the pHH3 index to previous proliferative indices, and to evaluate the association of pHH3 immunoreactivity with disease progression in NFPA.
Materials and methods

Case selection
Cases with a diagnosis of pituitary adenoma dating from January 1, 1992 through December 31, 2006 were retrospectively identified from database review. All pathologic specimens were obtained following the initial transsphenoidal resection at University of Texas M. D. Anderson Cancer Center (MDACC) by a single neurosurgeon (IM), including specimens from initial surgery for de novo disease, as well as from subsequent surgery for residual or recurrent disease following previous resection at an outside institution. Only cases with sufficient material for immunohistochemical examination were included.
Patients were excluded if they had a history of cranial radiation therapy or if they previously received medical therapy for their tumor. Also excluded were hormonally active tumors, including tumors which secreted ACTH, prolactin, growth hormone and/or TSH and resulted in the respective clinical syndromes of hormone excess; silent subtypes (positive hormonal staining without clinical evidence of hormone oversecretion) were included after the appropriate chart review.
The date of radiologic disease progression following initial surgery at MDACC was noted. This was defined as evidence of one of the following: a 30% increase in tumor volume, a 10% increase in any diameter, or any detectable disease following a complete resection at MDACC. Patients must have had at least 1 year of post-operative follow up with MRI to allow this determination. The final number of cases demonstrating disease progression following initial surgery at MDACC was confirmed by independent radiology review. Additionally, a patient case was considered a progression event if the patient was evaluated at MDACC following resection(s) at an outside institution and necessitated further surgical resection at MDACC based upon the available radiologic imaging and clinical evaluation.
Histological analyses
Quantitation
Quantitation of all markers (PHH3, MIB-1/Ki-67, p53) was performed at 209 using a custom nuclear algorithm produced by the Genetix Ariol image analysis system (Applied Imaging; San Jose, CA).
PHH3
Sections were stained for pHH3 with polyclonal antibody (Upstate Biotechnology; Waltham, MA) as previously described [10] . Sections were deparaffinized and rehydrated in graded alcohols. Antigen retrieval was performed by microwaving in 10 mM sodium citrate, pH 8.0 using a microwave pressure cooker. After incubation in 3% hydrogen peroxide, sections were incubated overnight at 4 degrees Celsius in primary antibody at a 1:10,000 dilution. Staining was visualized using a kit from Dako (Carpinteria, CA). If no mitoses were identified, the sample was stained with an increased antibody concentration (1:2,000), in order to verify absence of mitoses as previously described [10] .
All slides were viewed microscopically by a pathologist and areas with positive pHH3 mitotic figure staining were identified. In areas where mitotic figures were identified, ten 209 fields were quantitated, yielding total mitoses per 10 contiguous fields. The highest mitotic count found was used in the data analysis. PHH3 labeled mitoses stained with DAB were quantitated at 209 using a custom nuclear algorithm produced by the Genetix Ariol image analysis system, as above.
MIB-1/Ki-67
MIB-1/Ki-67 LI was assessed with the MIB-1 antibody from DAKO (Carpinteria, CA) at a 1:500 dilution, as previously described [10] . The area of highest labeling was identified at low power by a pathologist. 1,000 cells were counted to determine the MIB-1/Ki-67 LI.
p53 protein
Sections were deparaffinized and rehydrated in graded alcohols. Antigen retrieval was performed by heating in a pressure cooker at 100°C in 10 mM sodium citrate, pH 8.0, for 20 min. After incubation in 3% hydrogen peroxide, sections were incubated overnight at 4 degrees Celsius in primary antibody (p53, Dako (Carpinteria, CA)) at a 1:100 dilution. Staining was visualized using a kit from Dako (Carpinteria, CA).
Statistical methods
The strength of the association between the three histological markers was assessed via Spearman's correlation. The relationship between immuno-reactivity for each histological marker and time to progression (TTP) was assessed via two complementary methods. Histological results from each marker were dichotomized into two groups based around the median; survival curves were then calculated by the Kaplan-Meier method. Log rank test was used to determine if a significant difference existed between these two survival curves. A rank correlation analysis with Harrell's modification of Somer's Dxy for right-censored data was also performed to assess the strength and direction of the association between each marker and TTP. A permutation test was used to compute appropriate p values. Analyses were performed with S-PLUS statistical software.
Results
Study population
From 1992 to 2006, 163 patients underwent pituitary surgery for NFPA at MDACC. One hundred and six patients met the stated criteria. Seventy-six of these eligible patients had sufficient tissue available for analysis. Among these 76 patients, 19 progression events were observed after a total of 282 person-years of follow-up. Pertinent clinical data obtained prior to initial MDACC surgery is included in Table 1 . Table 2 summarizes the 19 progression events and their pHH3 status. Six out of 9 total (67%) patients who had progression following outside surgical resection and Patients with PD after surgery at outside institution-necessitating further surgery at MDACC 6 3 necessitated further surgical resection at MDACC demonstrated pHH3 immuno-reactivity. Six out of 10 total (60%) patients who progressed after initial surgery at MDACC for de novo disease demonstrated pHH3 immuno-reactivity. Out of the 19 patients demonstrating progression of disease, 12 underwent additional surgical resection, 1 underwent surgical resection with adjuvant radiation therapy, 4 underwent radiation therapy (an additional 1 received the recommendation to undergo radiation therapy), and 1 is currently being observed.
Histological marker correlation
A modest correlation was found between p53 and MIB-1/ Ki-67 immuno-reactivity (r = 0.25, p = 0.031). P53 did not correlate with pHH3 (r = 0.18, p = 0.12), nor did MIB-1/Ki-67 correlate with pHH3 (r = 0.11, p = 0.33).
Time to progression
The association between each of the three biomarkers and TTP was assessed. Via log-rank analysis (Fig. 1) , only MIB-1/Ki-67 above the median correlated with TTP (median = 0.55%; p = 0.018). P53 immuno-reactivity above the median did not correlate with a shorter TTP (median = 0.30%; p = 0.13), nor did pHH3 immunoreactivity above the median (median = 0.01%; p = 0.84).
Rank correlation analysis with Harrell's modification demonstrated that both p53 (Dxy = -0.40, p = 0.016) and MIB-1/Ki-67 (Dxy = -0.33, p = 0.036) immuno-reactivity was associated with a shorter TTP. PHH3 did not appear to correlate with TTP (Dxy = -0.04, p = 0.39).
Discussion
There is currently no commonly accepted marker to predict tumor recurrence and thus aid the clinician in assessing the need for adjuvant therapy or determining the intensity of follow-up for NFPA in the postoperative setting. The objective of this study was to assess pHH3 immuno-reactivity as a novel marker of cellular proliferation in NFPA as compared to other indices of proliferation, and to investigate the relationship between pHH3 immuno-reactivity and TTP in a retrospective series of NFPA. Though previous histological markers have been explored for this explicit purpose, no marker as of yet is commonly utilized in the clinical setting. The MIB-1/Ki-67 monoclonal antibody is immunoreactive for the Ki-67 nuclear antigen in cells within non-G0 phases and therefore identifies cycling cells [12] . The proliferation rate of the tissue, however, depends not only on the number of cells in the cycle but also on the time it takes to complete the cycle; MIB-1/Ki-67 is limited in that it only assesses the former [13] . Interestingly, the MIB-1/ Ki-67 LI is known to be affected by the presence of TSH, ACTH, prolactin, and growth hormone secretion (which introduces variability in the LI) as well as pre-operative medical treatment with dopamine agonists and somatostatin analogues (which decreases the LI) [14] [15] [16] . An inverse relationship between LI and age, and positive correlations with the presence of diabetes insipidus and visual field defects have also been observed [8, 17] . Studies evaluating the MIB-1/Ki-67 LI and its role in clinical outcome have yielded variable results; experience has furthermore indicated that there is inter-laboratory variability depending on staining protocol, tissue section thickness, and counting methods [4, [7] [8] [9] 18] . The coexpression of p53 with MIB-1/Ki-67 has additionally been explored. While p53 mutations have not been found in pituitary adenomas, p53 immuno-reactivity has been found to correlate with tumor invasiveness [5] . Though p53 and MIB-1/Ki67 immuno-histology is useful in evaluating the behavior of clinical silent pituitary adenomas, negative results do not exclude invasiveness [2] .
PHH3 offers the possibility of obtaining a true mitotic index because it stains only cells in mitosis and allows the pathologist to confirm the morphologic characteristics of mitosis thereby increasing the specificity of the classification. This makes pHH3 staining less susceptible to variation based on antibody dilution or staining intensity [10, 11, 19] . Recent findings additionally make pHH3 an attractive anti-tumoral target. Aurora kinases have been implicated in tumourigenesis through their effects on chromosome alignment, segregation and cytokinesis during mitosis; aurora-B kinase specifically phosphorylates pHH3 during mitosis. Grundy et al. [20] have previously demonstrated that AZD1152-HQPA, a highly selective inhibitor of aurora-B kinase, inhibits pHH3 phosphorylation and leads to loss of viability in a panel of AML cell lines.
Our results are consistent with those from previous studies which demonstrate that both p53 and MIB-1/Ki-67 have usefulness as biomarkers in the analysis of pituitary adenomas [2, 4, [7] [8] [9] 18] . Our complementary analyses in this retrospective series of NFPA confirmed that pHH3 immuno-reactivity did not correlate with MIB-1/Ki-67 LI or p53 immuno-reactivity, and was not associated with a shorter TTP. The strength of our study includes the relatively large amount of pathological material available for analysis. Selection bias for more aggressive tumors cannot be eliminated given the nature of the referral pattern to MDACC. The relatively few number of progression events limited the robustness of the analysis. While our results did not confirm that pHH3 immuno-reactivity correlates with TTP, we did find it interesting that over 60% of those patients exhibiting progression of their disease demonstrated pHH3 immuno-reactivity. A multi-center prospective study would thus provide an ideal assessment. Our results re-confirm the utility of MIB-1/Ki-67 and p53 as markers of tumor progression in NFPA.
